Recent concern over the release of genetically engineered organisms has resulted in a need for information about the potential for gene transfer in the environment. In this study, the conjugal transfer in Pseudomonas aeruginosa of the plasmids R68.45 and FP5 was demonstrated in the freshwater environment of Fort Loudoun Resevoir, Knoxville, Tenn. When genetically well defined plasmid donor and recipient strains were introduced into test chambers suspended in Fort Loudoun Lake, transfer of both plasmids was observed. Conjugation occurred in both the presence and absence of the natural microbial community. The number of transconjugants recovered was lower when the natural community was present. Transfer of the broad-host-range plasmid R68.45 to organisms other than the introduced recipient was not observed in these chambers but was observed in laboratory simulations when an organism isolated from lakewater was used as the recipient strain. Although the plasmids transferred in laboratory studies were genetically and physically stable, a significant number of transconjugants recovered from the field trials contained deletions and other genetic rearrangements, suggesting that factors which increase gene instability are operating in the environment. The potential for conjugal transfer of genetic material must be considered in evaluating the release of any genetically engineered microorganism into a freshwater environment.
Environmental gene transfer, its ecological significance, and its importance in the release of genetically engineered microorganisms are relatively poorly understood, and understanding requires the development of a quantitative data base. While conjugative gene transfer is well known and widely used as a laboratory tool for genetic manipulation, information obtained in the laboratory may not be directly applicable to genetic transfer in situ. Many plasmids are readily transmissible to a large number of bacterial species, so that a recipient of a plasmid may be far removed, genetically and physiologically, from the donor (22) . There are many factors that affect the survival of organisms and the transfer of genetic material in situ that cannot be adequately simulated in the laboratory.
Many studies of conjugation have been done in wastewater (2, 9, 14, 15, 17) , but few have been done in fresh water. A limited number of in situ studies have been performed with both laboratory and naturally occurring strains. Grabow et al. (11) reported that indigenous coliforms can exchange genetic information in unsupplemented natural water. They detected transfer of naturally occurring R factors at low frequencies in dialysis bags containing river water immersed in the river and also in river water incubated in the laboratory. Low transfer frequencies of plasmids between introduced mating pairs of Escherichia coli K-12 were seen by Gowland and Slater (10) in sterile pond water in dialysis bags immersed in the pond. Schilf and Klingmuller (22) , using the broad-host-range plasmids RP4 and pRD1 in E. coli hosts, detected plasmid transfer to the indigenous bacteria of pond water at low frequencies. Bale et al. (4) detected conjugal plasmid transfer between Pseudomonas aeruginosa strains attached to rocks immersed in a Welsh river. These transferred plasmids soon disappeared from the bacterial population.
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The purpose of this study was to determine the extent of conjugal transfer of the fertility factors R68.45 and FP5 between P. aeruginosa donor and recipient strains in a freshwater environment. Transfer was scored in both the absence and presence of the natural microbial community.
MATERIALS AND METHODS
Bacteria and plasmids. Strains and plasmids used are listed in Table 1 .
Media and culture conditions. Bacteria were maintained in Luria broth (LB) (18) (ii) Laboratory experiments in lake water (in vitro). Factors affecting transfer were tested in laboratory simulations. Matings were done in sterile lake water rather than in LB. In specific experiments, donor-to-recipient ratio, total cell density, temperature, incubation time, method of sterilization, or marker selection was varied.
(iii) Field trials (in situ). Cells for in situ matings were prepared in the same manner as cells for in vitro mating. The resuspended cells were placed on ice for transport to the resevoir, where they were inoculated into test chambers as described previously (21) (21) .
RESULTS
Potential for conjugation. The potential for conjugal transfer of the plasmids R68.45 and FP5 was first examined under optimal laboratory conditions. Liquid matings in LB or in sterile lake water showed that plasmid transfer was approximately the same in both media when the temperature was optimal, the donor-to-recipient ratio was approximately 1, and the total cell density was 108 CFU/ml ( Table 2) . As Haas and Holloway (12) had reported that transfer of R68.45 occurs with higher frequency on a solid support, transfer of " All transfer frequencies are calculated as the number of transconjugants recovered at the sampling time divided by the number of donor bacteria present when mating was initiated.
" Lake water was sterilized by filtration through a 0.2-p.m-pore-size membrane filter (Nalgene) as described previously (21) .
' Cb, Carbenicillin; Tc, tetracycline: Nal, nalidixic acid.
this plasmid was also tested in filter matings. The results showed that this plasmid does transfer at a higher frequency in filter matings than in a liquid medium. Factors affecting rates of plasmid transfer by conjugation. R68.45 was used to test the effects of nonoptimal conditions in lake water on frequencies of conjugal transfer (Table 3) . No significant effect was observed in the frequency of transfer when the temperature of the mating or total cell density in the mating mixture was varied. Likewise, the method of sterilization of the lake water used as a mating medium had little effect on conjugal transfer.
The ratio of donors to recipients did significantly affect the number of transconjugants recovered. An excess of recipient cells in the mating mix increased the frequency of transconjugants recovered by as much as 100-fold. Similarly, it was found that the choice of antibiotic resistance marker used as the primary selection significantly affected the recovery of transconjugants. Selection for Cb' resulted in the recovery of the greatest number of transconjugants.
Laboratory simulations. Extended matings in lake water were conducted in the laboratory in preparation for field trials. Both sterilized and nonsterilized lake water was tested. In the absence of the natural microbial community (sterilized water), some dependence of the initial transfer frequencies of R68.45 on the total cell density was observed when the donor-to-recipient ratio was 1 (Fig. 1) . Interestingly, the presence of an initial excess of donors had a significant effect only on the initial frequency of transfer events (Fig. 2) . All matings reached the same plateau frequency. FPS transfer frequency was affected by donor-torecipient ratio (Fig. 3) . When there was an initial excess of donor cells, transfer of the plasmid was significantly reduced.
When the natural microbial community was present, the frequency of plasmid transfer was generally lower than in comparable matings done in the absence of the natural microbial community (Fig. 1, 2, and 3) . Transfer of FP5 at a 1:1 donor-to-recipient ratio remained below our level of detection (<10-8 transconjugants per donor) throughout the experiment. Measurement of plasmid transfer in a natural freshwater environment. (i) In situ field trial 1 (October 1986). In the first field trial, only transfer of R68.45 was evaluated. Test chambers were incubated in Fort Loudoun Lake, Knoxville, Tenn. These in situ matings yielded much lower frequencies of transfer than similar matings conducted in the pretrial laboratory simulations ( Fig. 1 and 2) . Again, the frequency of detectable transfers was lower when the natural microbial community was present in the test chamber.
Interestingly, when confirmatory analysis of transconjugants isolated from in situ incubation chambers was carried out, it was found that gene rearrangements in transconjugants occurred more frequently in situ than in laboratory simulations with lake water as the incubation medium. Approximately 50% of the transconjugants isolated from in situ matings showed at least one rearrangement or deletion. No alterations were detected in laboratory experiments. These rearrangements were detected by nonconformity to antibiotic resistance patterns and confirmed by restriction analysis of the plasmids (Fig. 4 ). There were three patterns to the loss of antibiotic resistance: either Tcr or G-418r was lost or both Tcr and G-418r were lost. In addition, when these isolates were used as donors in laboratory matings with RM40, the transfer frequency of several of the plasmids contained in these isolates was reduced or eliminated. When the Tra+ phenotype was retained, the resulting secondgeneration transconjugants showed the same antibiotic resistance patterns as the parent isolated from the in situ mating. Therefore, the loss of antibiotic resistance in the in situ isolates was not due to any chromosomal alterations.
(ii) In situ field trial 2 (June 1987). As in the first field trial, the transfer frequency of R68.45 in situ (Fig. 5) was lower than or equal to the frequency observed in parallel chambers incubated in the laboratory ( Fig. 1 and 2 ) whether or not there was an initial excess of donor cells in the mating mix. Unlike the first field trial (Table 4) , no transfer of R68.45 was detected in the presence of the natural microbial community. The frequency of transfer of FP5 was also lower in situ (Fig. 6 ) than in laboratory simulations (Fig. 3) . Transfer in the absence of the natural community occurred at higher frequencies when the initial donor-to-recipient ratio was close to 1 than when there was an initial excess of donor cells. At a ratio of 1,000:1, transfer was detected in only the 12-and 72-h samples and was close to the lower level of detection (10-9 transconjugants per donor) in both cases.
Transfer in the presence of the natural community was detected (1 x 10-9 to 2 x 10-9 transconjugants per donor) in O. " Donor cells were inoculated at a concentration of 106 CFU/ml. Recipients were inoculated at 103 CFU/ml. ' All transfer frequencies are calculated as the number of transconjugants recovered at the sampling time divided by the number of donor bacteria inoculated into the mating chamber at time zero.
' N.O., Not observed at the limit of our detection methods (<3 x 10-9 transconjugants per ml).
inoculated with an excess of donors. Because of the low total cell density in chambers with a 1:1 donor-to-recipient ratio, it is very likely that if transfer did occur it would have been below our level of detection.
With few exceptions, the number of recoverable donors and recipients as well as the total cell density decreased with time of in situ incubation ( Table 5 ). The decrease was greater in chambers containing the natural microbial community than in parallel chambers without the natural community. The terminal cell densities in in situ mating chambers approached the cell density of the natural microbial community in Fort Loudoun Lake water.
Conjugal transfer between the introduced organism and the natural community. Numerous colonies (200 to 300 clones The frequency of transfer of R68.45 in standard matings was 100 times higher when mating occurred on a filter placed on lake water solidified with 1.2% agar than in parallel liquid matings. Since it has been demonstrated previously that R68.45 transfers at higher frequencies on a solid support than in liquid medium (12) , transfer in lake water could be occurring in cell aggregates on the surfaces of suspended particulate matter.
Use of Tcr or G-418r instead of Cbr for primary selection of transconjugants decreased the number of transconjugants which could be recovered. The frequency of transconjugants recovered by using carbenicillin selection was several hundred times greater than the number of transconjugants recovered with either tetracycline or G-418 selection. Olsen has suggested that the discrepancy in the number of transconjugants recovered is not due to the instability of the markers, but rather to the specific mechanism of drug resistance, which may not allow sufficient expression of the resistance determinants in time for the bacteria to survive exposure to the antibiotic (R. Olsen, personal communication).
One explanation for the detection of less transfer in situ than in vitro may be the increased genetic instability of plasmid DNA observed in field trials. Gene rearrangement was observed more frequently in situ than in vitro and may be a result of environmental stress imposed by biological or physical factors found only in the environment. R68 .45 is known to be unstable after conjugal transfer (7, 13) . This instability does not necessarily result in the loss of the whole plasmid; only portions of the plasmid may be deleted (14 Our data suggest that increased frequencies of gene rearrangement, perhaps due to elevated rates of transposition or recombination in situ over those observed in laboratory studies, may result in accelerated evolution of plasmid DNA in the environment. If so, an evaluation of the risk associated with the introduction of an engineered genetic element into the environment that is based on rates of genetic change measured in the laboratory may not be valid. Virtually nothing is known about the rates of recombination and transposition in microorganisms in situ. These phenomena must be investigated in the environment.
The studies reported here demonstrate that conjugal transfer of plasmids such as R68.45 and FP5 can and does occur under conditions found in nature. When considered in light of previous demonstrations of transmission of both chromosomal (19) and plasmid (21) DNA by generalized transduction, it is clear that a significant potential for gene transfer among bacteria exists in freshwater environments. Dissemination of genetic elements mediated by either conjugation or transduction may occur in the aquatic milieu. Both of these mechanisms of gene transfer must be considered in evaluating the potential risk associated with the environmental release of genetically engineered microorganisms.
